Quantum dot superlattices (QDSLs), which are one-, two-, and three-dimensional periodic superlattices composed of QDs, induce dimensionality dependent quantum resonance among component QDs and thus represent a new type of condensed matter exhibiting novel energy, exciton and carrier dynamics. We focused on the two important parameters, the dimensionality and temperature, identifying their correlated roles to determine the electronic and photoexcited properties intrinsic to each QDSL at each dimensionality and temperature.
Introduction
Quantum dot superlattices (QDSLs), which are periodic superlattices composed of QDs, represent a new type of condensed matter drawing high fundamental and applied interest.
Quantum confinement in individual QDs, combined with collective resonant couplings among QDs, leads to novel energy, exciton and carrier dynamics that are physically unique to QDSLs and not found in other natural materials. QDSLs have been actually intensively explored to realize efficient photovoltaic, optoelectronic and thermoelectric devices.
1-28
It is remarkable that QDs can be ordered into QDSLs with the dimensionality as the one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) QDSLs, just like structures made from natural atoms.
29,30
Optical, electrical, thermal and mechanical properties of such QDSLs are thus determined not only by individual QDs, but also by the dimensionality dependent resonant couplings through the interior nano space among adjacent QDs tuned by ligand engineering down to subnanometer regime. 3, 14, 19, [31] [32] [33] [34] [35] [36] [37] [38] Thus, the dimensionality in the QDSLs should be a crucial parameter for independent tailoring of the electronic and photoexcited properties including the multiple exciton generation (MEG) through which multiple electron-hole pairs can be produced; [39] [40] [41] the MEG is expected to increase solar cell efficiency by creating multiple carriers from a single photon absorption. 42 Meanwhile, temperature can be another important parameter to control the physical properties of the QDSLs. The temperature dependence of the electronic and photoexcited properties of the QDSLs is one of the key factors which can determine the useful range of these new materials, so its investigation is crucial for their practical applications. Indeed, the temperature dependence of the carrier mobility and photoconductivity unveiled the different kinds of charge transports, thermally activated hopping transport and band-like transport, existing in the PbSe, 1, 4, 17 CdSe, 1, 24 InAs, 1, 25 and Au
21
QDSLs. The temperature-dependent Seebeck coefficient directly related to thermoelectric efficiency was also measured in the PbTe QDSLs.
26
In the case of isolated zero-dimensional (0D) QDs, we computationally showed how the MEG rates as well as the density of states (DOS) and electron-phonon couplings drastically change according to the temperature, elucidating the physical mechanisms of their temperature dependence.
43
Such computational approach should be distinguished from Fermi's rate theory using static Coulomb couplings at 0 K.
44-49
In the present paper, we focus on both of the two important parameters, the dimensionality and temperature, and their correlated roles to determine the electronic and photoexcited properties of the 1D, 2D and 3D QDSLs in comparison with the isolated 0D QD.
We especially examine the QDSLs which exhibit the short-range quantum resonance among component QDs. The short-range quantum resonance, which appears only in the interior nano space smaller than 2 nm among component QDs of diameter smaller than 4 nm, is not a simple overlap of wave functions between quantum well potentials [50] [51] [52] [53] [54] but rather orbitaldependent delocalization into adjoining QDs accompanied by the orbital deformation.
33,39,55
We will report the temperature dependence of not only static but also time-dependent dynamical quantities to characterize such QDSLs of each dimensionality, identifying the correlated roles of the dimensionality and temperature intrinsic to each QDSL. The insights we obtained here are crucial not only for understanding the physical mechanisms that govern photoexcited processes occurring in the QDSLs but also for designing compact and functionalized optoelectronic and photovoltaic devices like photodetectors and solar cells by controllably engineering their physical properties.
Computational Methods and Material Designs
We optimized a Si 29 H 24 QD, where Si 29 was cut off from a bulk Si crystal with the outerlayer Si atoms passivated by H atoms, with the Perdew, Burke and Ernzerhof (PBE) density functional and def2-SVP basis set at zero temperature by the Gaussian09 package.
56
The QDSL was then made by periodically replicating the cubic cell in which the pre-optimized Si 29 H 24 QD is located at the center position. The QDSLs thus have a cubic crystal structure while the interior nano space of approximately 0.1 nm among adjacent QDs is vacuum.
We performed ab initio molecular dynamics (MD) simulation of the Si 29 H 24 QDSLs as well as the 0D Si 29 H 24 QD with Vienna Ab-initio Simulation Package.
57
The PBE density functional and projector-augmented-wave pseudopotentials with a converged plane-wave basis of the 200 eV cutoff energy were adopted for the density functional theory (DFT) calculations.
All the QDSLs and QD were brought up to aimed temperatures by velocity rescaling.
After the careful and repeated velocity scaling, we computed 3 ps microcanonical MD trajectories on the ground electronic state by the Verlet algorithm of a 1 fs time step. The stable temperature fluctuations around the aimed temperatures were confirmed. Note that all the stable QDSLs including the 1D beads and 2D sheet which have asymmetric interactions, namely, only one-directional and two-directional interactions between Si 29 H 24 QDs, respectively, were computationally attained without any geometry constraint even at the finite temperatures.
We finally simulated the photoexcited dynamics including the MEG based on the timedomain DFT with adiabatic Kohn-Sham (KS) bases. 
Here, an electron is generated and annihilated by the electron creation and annihilation operators,â † i andâ j in the ith and jth adiabatic KS orbitals, respectively. Substitution of the expanded form of the total wave function,
into the time-dependent Schrödinger equation leads to the equations of motion for its ex-pansion coefficients,
A state X expresses either ground, SE or DE state with the state energy E X . Electronphonon couplings are introduced by,
which cause transitions from each of the ground, SE and DE states to another state. Because the electron-phonon couplings stemmed from the dependence of the adiabatic KS orbitals on the real-time phonon dynamics R(t) and is proportional to the nuclear velocityṘ, transitions could never occur under the Born-Oppenheimer approximation. We performed the present photoexcited dynamics simulations including the MEG by directly solving the equations of motion, Equation (3), with the electron-phonon couplings, Equation (4), and the state energies, E X . The time-dependent electron-phonon couplings and state energies were directly obtained from the microcanonical MD trajectories of the Si 29 H 24 QDSLs and QD at the aimed temperatures.
59-61
Our photoexcited simulation explicitly includes real-time phonon dynamics, and makes it possible to discuss the temperature dependence accounting for fluctuations of the state energies and electron-phonon couplings at each temperature.
43,62

Results and Discussions
We graphically define the dimensionality to characterize the 3D, 2D, and 1D QDSLs as well as the 0D isolated QD in Figure 1 . Each QDSL is composed of H-passivated Si QDs, Si 29 H 24 , of 1.1 nm diameter; silicon is a photostable, non-toxic, abundant, and technologically wellestablished material.
63-67
The QDSLs can be formed by manipulating the interior nano space between nearest-neighbor QD surfaces in each 2D layer as well as the interior nano space between adjacent 2D layers.
33
The short-range quantum resonance among component QDs is intrinsically induced in the QDSLs with the intensity depending on the dimensionality; the higher the dimensionality is, the stronger the quantum resonance becomes because each QD in the higher-dimensional QDSLs has more chances to be resonant with adjacent QDs along more directions as demonstrated in Refs.32 and 38. We will discuss the temperature dependence of important electronic and photoexcited dynamical quantities to characterize the QDSLs focusing on the correlated role of the dimensionality.
We adopted the four temperatures, 30 K, 77 K, 100 K, and 300 K, to investigate the temperature dependence correlated to the dimensionality. As shown in Figure S1 , the stable temperature fluctuations around each aimed temperature were successfully achieved. The stable and significant band-gap energy (E g ) fluctuations were achieved reflecting thermal modulations of the QDSL structures at each finite temperature. (Figure S2 ) The averages of fluctuating E g are compared in Figure 2 with the multi-dependence on the temperature and dimensionality. On one hand, the stronger quantum resonance induced in the higherdimensional QDSLs directly causes the evident E g decrease; 39, 55 E g decreases by more than the QDSLs and the 0D QD, the average E g is higher at the lower temperature because the thermal effects of the QD expansion as well as the structural modulation is smaller at the lower temperature. Thus, the higher-dimensionality together with rising the temperature drastically decrease E g ; E g even falls down to 1.96 eV for the 3D QDSL at 300 K. We also found that the changes of E g along the dimensionality are almost similar independent of the temperature: The dependence of the quantum resonance on the dimensionality is almost independent of the temperature. Figure 2 clearly shows the correlated role of the temperature and dimensionality for the E g shift and how they compensate each other; e.g. E g of the 0D
QD at 300 K is almost similar to E g of the 3D QDSL at 30 K-the 10 times difference in the temperature is compensated only by the difference in the 0D-3D dimensionality. Figure 3 shows the DOS for SE, a pair of electron and hole, and for DE, two pairs of electrons and holes, with the dependence on the temperature and dimensionality. The SE DOS was obtained by counting the number of SE states fluctuating at each finite temperature along the 3 ps microcanonical MD trajectory. As the insert of Figure 3 (a) shows, the higher temperature makes the SE DOS greatly smoother in the 3D QDSL. While a few islands of the SE DOS appear in the low-energy region at 30 K, the islands become merged into the one peak at 300 K and continuously linked to the higher-energy broad peak. Such tendency The original valence band (VB) and conduction band (CB) DOS is provided in Figures   S3 and S4, respectively. The VB DOS also significantly changes depending on the temperature regardless of the dimensionality. (Figure S3 ) Smoothing of the VB DOS at the higher temperature directly leads to smoothing of the SE DOS at the higher temperature shown in Figure 3 . This is also the case with the CB DOS. (Figure S4 ) The island of the CB DOS appearing around 0 eV contributes to the islands appearing in the SE DOS in the low-energy region. Especially, the smoother DE DOS, which directly stemmed from the smoother SE DOS, leads to the accelerated MEG because the MEG can occur more easily in the more continuously prepared final DE states. At 300 K, the discreteness of the SE DOS decreases almost in the order of the dimensionality reflecting the stronger quantum resonance induced in the higher-dimensional QDSLs; the higher the dimensionality is, the smoother the DOS becomes. 
32,69
Note that the current Si 29 H 24 QD maintains similar Auger properties to larger QDs, and can be discussed in the same line of experimental QDs.
55
The initial energy deviation among all the shown MEG simulations is only about 1.47 % at maximum, which does not significantly affect the current DE population dynamics.
We found that the significant temperature dependence of the MEG appears not only in the 0D QD but also in all the QDSLs; the population of DE states grows more rapidly as the temperature increases irrespective of the dimensionality. In contrast, the MEG rates of the QDSLs grow almost linearly with increasing the temperature and little slowing down of the rate rise appears even at the higher temperature. Indeed, although the MEG rates of the QDSLs and 0D
QD are almost overlapped at 30 K, the difference among the MEG rates becomes more evident at 300 K. The current finding means that the QDSLs have great advantage in the MEG especially at ambient temperature compared to the 0D QD. The physical origin of the different temperature dependence on the dimensionality will be discussed below. We defined the MEG acceleration as a rate of increase of the DE population at 2 ps and calculated the relative increase ratios at each dimensionality and temperature by setting the DE population of the 0D QD case at 2 ps at 30 K as the origin. This MEG acceleration also demonstrates that the MEG is more enhanced in the higher-dimensional QDSLs especially at the higher temperature. (Figure 5(b) ) Since the DE population grows nonlinearly, the current MEG acceleration will be further enhanced as time goes by. We conclude that the 3D QDSL is better for the MEG at ambient temperature than the lower QDSLs and 0D QD. The electron-phonon couplings have essentially influenced photoexcited dynamics including the MEG.
43,55,70
The interband electron-phonon couplings, which cause carrier transitions across the band gap, are compared in Figure 6 (a). The interband electron-phonon couplings are almost linearly proportional to the temperature independent of the dimensionality, which cannot rationalize the different temperature dependence of the MEG discussed in Figure 5 .
The dimensionality dependence of the interband electron-phonon couplings is kept at any temperature; the higher the dimensionality is, the stronger the interband electron-phonon couplings are at all the temperatures. The 0D QD has the weakest interband electron-phonon coupling because the interband orbital overlap of two states Φ X |∇ R |Φ Y appearing in the electron-phonon coupling, Equation (4), becomes smallest due to the largest band gap. In contrast, the orbital deformation caused by the quantum resonance in the QDSLs matches a parity of the orbital angular momenta to increase the overlap integral Φ X |∇ R |Φ Y , leading to their larger interband electron-phonon couplings.
The intraband electron-phonon couplings shown in Figure 6 the larger intensity at any temperature; the 0D QD has further freer interior nano space than the 3D QDSL, leading to its largest intraband electron-phonon coupling. Note that the low-frequency Si-Si crystalline phonon modes are directly related to low-energy intraband transitions of carriers and thus essentially determine the current intraband electron-phonon couplings. Second, although all the intraband electron-phonon couplings increase with the higher temperature, the rise becomes gentler at the higher temperature irrespective of the dimensionality. In other words, the intraband electron-phonon couplings rapidly decrease at the temperature lower than 77 K. The drastic decrease at the lower temperature can be explained by the fact that the low-frequency Si-Si crystalline phonon modes start to freeze at the extremely lower temperature without regard for the dimensionality and, in addition, their number included in each Si 29 H 24 QD is quite huge.
The current characteristic temperature dependence of the intraband electron-phonon couplings explains the logarithmic temperature dependence of the MEG rates found in the isolated Si 29 H 24 QD before.
43
The intraband electron-phonon coupling played an important role in diffusion of initial SE states, i.e., in preparing more pathways to final DE states through the MEG, and essentially determined the MEG acceleration in the case of the 0D QD. However, this is not the case with the higher-dimensional QDSLs now: Although their intraband electron-phonon couplings have the similar temperature dependence to the 0D QD case, the increase of the MEG rates at the higher temperature is larger in the higher-dimensional QDSLs. (See Figure 5 ) We can rationalize the qualitatively different temperature dependence between the intraband electron-phonon couplings whose intensity increase slows down at the higher temperature and the linearly increasing MEG rates of the higher-dimensional QDSLs by the stronger quantum resonance and the resulting smaller E g .
(See Figure 2) The original MEG deceleration at the higher temperature, which should have been caused by the decrease in the intensity rise of the intraband electron-phonon couplings, is compensated by the E g decrease occurring in the higher-dimensional QDSLs at the higher temperature. It means that the MEG is determined not only by the dynamical electronphonon coupling but also by the static quantum resonance in the QDSLs especially at the higher temperature. Actually, the QDSLs, which possess the weaker intraband electronphonon couplings than the 0D QD, exhibit the faster MEG than the 0D QD as shown in Figure 5 . The quantum resonance of the QDSLs stably supports the MEG even under the larger thermal fluctuations at the higher temperature.
In the case of the 0D QD, the interband electron-phonon coupling is weakest while the intraband electron-phonon coupling is strongest compared to the QDSLs. Therefore, the latter electron-phonon coupling affects the MEG most significantly in the 0D QD. In addition, the E g decrease by the quantum resonance cannot be expected in the 0D QD. All of these facts result in its slowing down of the MEG rate at the higher temperature mainly following the temperature dependence of the intraband electron-phonon coupling.
Concluding Remarks
We demonstrated the correlated roles of the temperature and the dimensionality to determine the electronic structures and photoexcited dynamics appearing in the QDSLs by revealing how the temperature dependence changes with the dimensionality and vice versa.
The revealed correlated roles of the dimensionality and the temperature are intrinsic to the QDSLs. We conclude that the rate rise of the MEG does not slow down even at the high temperature in the 3D QDSL, suggesting that the 3D QDSL can be a strong candidate for an efficient optoelectronic and photovoltaic device to use at ambient temperature. It should be emphasized that the efficient MEG at the high temperature can be achieved by manipulating only the dimensionality of the QDSLs not by changing size, shape, and compositions of component QDs. In addition, effective charge separation, which can outpace the Auger recombination causing non-radiative recombination loss, will take place by the qualitatively different delocalization of CB and VB orbitals in the QDSLs. S-5
